Introduction
Despite the availability of effective and broad-spectrum antimicrobial therapy and advances of intensive care, late-onset sepsis poses a significant threat to premature very low birth weight (VLBW) infants in the neonatal intensive care unit (NICU). 1 Early diagnosis of sepsis and prompt treatment are important to ensure optimal outcomes.
Numerous investigators have evaluated the usefulness of various laboratory tests in the early diagnosis of sepsis in this population. [2] [3] [4] Although multiple tests have been used in combination for this purpose, Engle et al. 5 in 1997 wrote that perhaps 'the single test of greatest utility for early diagnosis of sepsis is considered to be the complete blood count (CBC) and in particular the various neutrophil parameters. ' Although abnormal neutrophil counts are common in VLBW infants with late-onset sepsis, specific neutrophil responses to different categories of organisms have not been extensively characterized. Because normal preterm VLBW infants have different reference ranges for neutrophils, 6, 7 the objective of the present study was to examine neutrophil responses using the birth weight-adjusted reference ranges in VLBW infants with culture-proven, late-onset bacterial or fungal sepsis to determine whether they can be used to predict the responsible class of organism.
Methods
The study consisted of retrospective review of a cohort of all preterm VLBW (<1500 g birth weight) infants born between 1 January, 1998 and 31 December, 2003 and admitted to the NICU at either Mercy Children's Hospital, Medical University of Ohio, Toledo, OH or CS Mott Children's Hospital at the University of Michigan Health System, Ann Arbor, MI. The study protocol was reviewed, and informed consent process was waived by the respective Institutional Review Boards, which approved the project.
The diagnosis of sepsis was based on a positive single bacterial or fungal isolate from blood, and the presence of clinical signs of sepsis syndrome. An episode of sepsis occurring on or after the fourth postnatal day was deemed to be late onset. Infants with polymicrobial sepsis, isoimmune neutropenia or who received granulocyte or exchange transfusions or granulocyte colonystimulating factor (GCSF) during sepsis were excluded from the analysis. Only the first episode of sepsis in any given patient was examined to avoid any confounding effects from previous episodes of sepsis. In both institutions, the WBC counts were measured using a Coulter counter, and manual differential counts were determined by certified technicians. All WBCs and differential counts were corrected for the presence of nucleated red blood cells. Non-segmented or band neutrophils were defined as neutrophils in which the width of the isthmus was greater than 50% of the diameter of the widest nuclear lobe. Blood for the CBC was obtained by either heelstick, arterial or venipuncture, or through an indwelling catheter, if present. The CBC used for this study was the one obtained simultaneously with the blood culture.
Demographic data for infants with culture-proven sepsis were obtained from medical records and a computerized database, which included birth weight, gestational age, gender, primary diagnosis (e.g., respiratory distress syndrome, pneumonia, etc.), presence of necrotizing enterocolitis (NEC), patent ductus arteriosus (PDA), maternal pre-eclampsia, intrauterine growth restriction, age at diagnosis of sepsis, causative organism and the neutrophil indices during the sepsis episode.
The neutrophil parameters examined were total WBC count, absolute total neutrophil (ATN) count, absolute total immature neutrophil count, immature:mature neutrophil ratio and immature:total neutrophil (I:T) ratio (calculated as previously described by Manroe et al. 8 ). The revised reference ranges of Mouzinho et al. 6 were used to define the abnormal neutrophil indices and to determine if neutrophil responses could be categorized specific to Gram-positive bacteria, Gram-negative bacteria or fungi. Neutropenia was defined as ATN count<1100/ mm 3 , neutrophilia as ATN >6000/mm 3 and a high I:T ratio if I:T ratio >0.12, as proposed by Mouzinho et al. 6 for analysis of the data.
Statistical analyses were performed using analysis of variance, and w 2 tests were used to compare groups. Data were expressed as the mean±s.d.
Results
Culture-proven bacterial or fungal sepsis was diagnosed in 168 of 1026 (16. 3%) VLBW infants admitted to the NICUs during the study period. Six of the 168 (3.5%) infants had experienced early-onset sepsis, caused by Group B beta-hemolytic Streptococcus (five) and Escherichia coli (E. coli) (one); the remaining 162 infants had late-onset sepsis and comprise the study population for the current analysis. Organisms grown in 162 infants with late-onset sepsis included coagulase-negative Staphylococcus (94), Staphylococcus aureus (13), Enterococcus species (six), Candida species (19), E. coli (10), Enterobacter species (nine), Pseudomonas aeruginosa (seven), Klebsiella pneumoniae (two) and Serratia marcescens (two). Late-onset infections were categorized into three major groups: Gram-positive bacteria (113/162, 70%), Gramnegative bacteria (30/162, 18%) and fungi (19/162, 12%).
Demographic and clinical characteristics of the study infants with late-onset sepsis are summarized in Tables 1 and 2 . Infants with Gram-negative bacterial sepsis had a significantly higher incidence of PDA, NEC during the sepsis episodes and higher mortality compared to infants with Gram-positive bacterial or fungal sepsis. There were no significant differences among the three groups with regard to other demographic and clinical variables.
Of the 162 sepsis episodes, only nine (5.5%) were associated with neutropenia at the onset, whereas 60.5% displayed neutrophilia, and 55% had a high I:T ratio. Six of the 30 (20%) infants with Gram-negative bacterial sepsis were neutropenic compared to three of the 113 (2.6%) infants with Gram-positive bacterial sepsis and none with fungal sepsis. Even using the 
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Manroe definition of neutropenia (ANC <1500/mm 3 ), the overall incidence of neutropenia with late-onset sepsis was still very low at 14 of 162 (8.6%), with the majority of the neutropenic infants from the Gram-negative bacterial sepsis group (eight of 30 infants, 26.6%) and none from the fungal group. Occurrence of neutropenia (ATN count <1100/mm 3 ) at the onset in infants with late-onset sepsis was more common with Gram-negative bacterial infection (odds ratio: 11; 95% confidence interval: 2.6, 47.3). Seven of the nine neutropenic infants with sepsis also had an I:T of >0.2. Details of the abnormal neutrophil indices in 162 preterm VLBW infants with late-onset sepsis are summarized in Table 3 .
Compared to newborns with late-onset Gram-positive bacterial and fungal sepsis, those with late-onset Gram-negative bacterial sepsis had a significantly lower total WBC, and ATN count (P ¼ 0.004 and 0.001, respectively; Figures 1 and 2) , and significantly higher I:T and Neutrophil responses in VLBW infants with late-onset sepsis S Sarkar et al immature:mature neutrophil ratios (P ¼ 0.008 and 0.008, respectively, Figures 3 and 4) . There was no significant difference in neutrophil counts and various neutrophil indices between late-onset Gram-positive bacterial and fungal infections.
Discussion
Much attention has been focused on neutrophil counts and various neutrophil indices, particularly neutropenia and the I:T ratio using the reference ranges for neutrophils as proposed by Manroe et al. 8 in the identification of newborns with early-onset sepsis. A particular lack of sensitivity and poor predictive value of either of these parameters have been noted in early-onset sepsis by several investigators. [9] [10] [11] These parameters have neither been studied extensively in VLBW preterm infants with late-onset sepsis, nor has the organism-specific neutrophilic response. In addition, the newer birth weight-adjusted reference ranges recommended by Mouzinho et al. 6 have not been examined in late-onset sepsis. In the present study, we have shown that neutrophil response to Gram-negative bacterial sepsis in VLBW infants is quantitatively different compared to infection caused by either Gram-positive bacteria or fungi. Both Gram-positive bacterial and fungal sepsis produced a similar effect on neutrophil responses in addition to extremely infrequent occurrences of neutropenia (ANC <1100/  mm 3 ), present in only three of 113 episodes (2.6%) of Gram-positive bacterial sepsis, and none with fungal sepsis. The rare occurrence of neutropenia in this study is contrary to the results of Funke et al., 12 who also used birth weight-adjusted reference ranges to study neutropenia in infants with sepsis. That study, however, included both preterm VLBW and term newborns with sepsis, most of which were of early-onset and not cultureproven. Even using the reference ranges as proposed by Manroe et al. 8 for mature infants, Fanaroff et al. 13 also reported only an 8% incidence neutropenia (ANC <1500/mm 3 ) in infants with late-onset sepsis. In their large multicentric trial, more than twothirds of cases were caused by Gram-negative organisms. Similar observations were made by Engle et al., 5 who noted that 'late-onset infection with coagulase-negative Staphylococci was rarely associated with neutropenia, whereas 15 to 20% of episodes of lateonset Gram-negative infection presented with or developed neutropenia.' This rare occurrence of neutropenia with late-onset sepsis is in contrast to the common occurrence of neutropenia attributable to 'bone marrow depletion, as well as a diminished capacity for accelerated neutrophil production' by the preterm infants with early-onset sepsis. 14 The reason for this difference in occurrence of neutropenia in early-and late-onset sepsis is not known, nor is the higher incidence of neutropenia in association with late-onset Gram-negative bacterial infection compared to Gram-positive bacterial or fungal infections well understood. It may be related to the virulence of the infecting organism or to varying levels of GCSF, as the mean GCSF level per organism was noted to be variable with different organisms in infants with sepsis. 15 The incidence of neutropenia might have been higher with serial CBC measurements, especially in infants in whom there was a delay in institution of appropriate antibiotic therapy. However, unlike the prolonged thrombocytopenia observed with sepsis, sepsis-induced neutropenia usually persists for fewer than 24 h. 12 By analyzing the initial CBC obtained at the same time as the blood culture, it seems unlikely that many cases of neutropenia were missed.
Many studies report the difficulty in determining which blood culture isolates reflect true infections and which are contaminants, especially in relation to coagulase-negative Staphylococcus. We believe that the infants in this study had definite infections, as the diagnosis of sepsis in the current study was based on the presence of both clinical signs of sepsis syndrome in addition to positive single bacterial or fungal isolates from a single site blood culture. We have shown previously that a single-site blood culture should be sufficient to document sepsis in symptomatic infants, and is biologically plausible because young infants have high-colony-count bacteremia, the bacterial clearance is slower and the bacteremia more continuous in newborns with sepsis than in older patients. 16 The distribution of pathogens causing sepsis in a specific hospital unit is usually considered when empiric antibiotics are selected, but 'this approach assumes that all pathogens causing sepsis have equal likelihood of causing severe complications including meningitis and death,' 17, 18 and that all antibiotics will have good cerebrospinal fluid penetration and be equally effective to treat meningitis, which is commonly associated with Gram-negative sepsis. In reality, when empiric antibiotics for late-onset sepsis are selected, one should be especially concerned about fulminant late-onset Gram-negative sepsis, in which infants die before pathogens and antibiotic susceptibilities have been identified, often in <48 h of onset of illness. 18 With changing patterns of organisms (e.g., coagulase-negative Staphylococcus and Candida) causing most of the late-onset sepsis cases in NICUs, neutropenia in VLBW infants will more likely result from other causes such as benign late-onset neutropenia, as described by Omar et al. 19 rather than sepsis. While the isolated finding of neutropenia in a stable preterm infant may not warrant a sepsis evaluation or aggressive management, neutropenia in a sick infant may be ominous and may serve as an early warning for Gram-negative bacterial sepsis unless proven otherwise.
Further prospective, and larger studies are needed to better understand the basis for the observed effects of different organisms on neutrophil counts and indices, and to assess if specific neutrophil responses in VLBW infants predict the organisms responsible for late-onset bacterial or fungal sepsis. In particular, the interactions among neutrophils, infectious organisms, and GCSF in VLBW infants with sepsis need to be examined.
